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Introduction
The scenario of epigenetic landscape [1, 2] , whose illustration is shown in Fig. 1 , is a powerful concept for describing developmental phenomena. It is applied to wide class of phenomena from molecular to sociological levels [3] [4] [5] [6] [7] [8] [9] . However, the physical process generating the landscape has not been explicitly demonstrated so far. Thus in this paper we propose a physical model for developmental process at cellular level and explain how the epigenetic landscape arises. Although the regulation by gene expression, for example, via DNA methylation or via morphogen, is a key ingredient in the development [10, 11] at cellular level, we focus our attention onto the interaction among cells as the driving force to generate the epigenetic landscape. In our modeling the effect of the gene expression is renormalized into the interaction and the environment of the cells and considered implicitly. The importance of the interaction is emphasized in the study of dynamical systems approach [12, 13] and it is also the heart of our study. This paper is organized as follows. In Section 2 we introduce our model and simulation rule. Various simulation results are discussed in Section 3. Our conclusion is given in Section 4.
Model

2-1 Fitness
Here we propose a physical model for an epigenetic landscape in developmental process at cellular level. The epigenetic landscape of our model is a time-dependent fitness landscape for the total system consisting of a group of interacting cells and its environment.
In our simplified model, a minimal model, the time-dependent energy landscape determined by the interaction among cells is identified with the epigenetic fitness landscape.
We consider the case where each cell has only two kinds of chemicals, c1 and c2, as its constituent. The number of c1 and c2 in the i -th cell are represented by the variables, 
where the couplings 
. Such a non-linear feedback imitates hypercycle-type interaction [14] and takes the effect of the regulation by gene expression into account.
In the following we set all the couplings positive so that no frustration is introduced into this model. Such frustration free couplings lead to a funnel structure in the fitness landscape as discussed later. If both positive and negative couplings are employed, a frustration is introduced and resulting landscape may become random as glass or spin-glass.
With the fitness i F for each cell we represent the fitness of the total system by the energy E given by
where N is the total number of cells in the system. In this representation the state with lower values of E is favored and E plays the same role as the potential energy in physics. By the definition E corresponds to the mean of the individual fitness i F .
In our model the couplings
among cells are the driving force to generate the epigenetic landscape. Moreover we explicitly construct the environment for the cells as discussed later and its development reflects the precedent state of the cells.
The effect of the regulation by gene expression, for example, via DNA methylation or via morphogen, which is a key ingredient in development [10, 11] , is renormalized into the interaction and the environment. 
2-2 Monte-Carlo Simulation
Using above-mentioned model for the fitness we perform the Monte-Carlo simulation of developing cells in the following procedure.
(1) As the first generation we prepare N cells forming a line where each cell has 0 s chemicals and is put inside its own environment. The environment for the i -th cell also consists of two kinds of chemicals, c1 and c2, whose numbers, (2) We perform one Monte-Carlo step procedure explained later. T being a constant.
Results and Discussions
3-1 Canalization
We have performed the Monte-Carlo simulation described above with the interaction Ne exchanges in a generation.
In the case of relatively lower temperature T , namely smaller fluctuation, the system smoothly reaches its lowest energy state, namely its highest fitness state, as shown in In our simulation the temperature T becomes smaller at later generations by the scaling procedure described above. This scaling, effectively representing the fact that each cell loses the susceptibility to its neighboring cells and environment with the passage of time, stabilizes the system even if the temperature is relatively high and the system fluctuates without it as shown in Fig. 4 . To know the energy landscape around which the system is located we plot the energy of nearby states as show in Fig. 5 . In Fig. 5a the energy of the states generated from the initial state by exchanging chemicals between cells and their environments are shown. In Fig. 5b the energy of the states generated from the lowest energy state by exchanging chemicals between cells and their environments are shown. The energy levels of generated states are separated by large gap from the lowest energy level.
Namely, at later stage of the development the energy landscape has a funnel-like structure corresponding to the canalization in differentiation. Such a funnel structure is similar to the case of protein folding [17] . 
3-2 Context
The behavior of each cell is determined by interaction with surrounding cells and depends on the context in which it is embedded. We examine the rewinding or stability of the differentiation by substituting test cells into the system. In Fig. 6 When the substituted cells are not regarded as a minority, the total system settles down to a new niche as shown in Fig. 8 . In this case the perturbation by substituted cells exceeds the restoring force of the original system and destroy the function of the differentiated cells. This simulates the fact that the stable system of differentiated cells has the limitation of its tolerance. 
Conclusion
We have proposed a simple model, a minimal model, to discuss physical mechanism of Since the aim of our paper is to demonstrate the importance of the interaction by a simulation on the basis of a minimal model, our model is too simple and abstract.
Although we should employ more realistic model in order to describe biological phenomena, such elaboration is left to future study.
